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Abstract 
This paper presents a methodology for performance acceptance testing of solar boilers using Linear Fresnel Reflectors (LFR) 
with Direct Steam Generation (DSG). The proposed methodology is based on relevant ISO and American standards applying an 
adapted parameter identification technique. Discussions regarding measurement requirements and uncertainty analysis are also 
provided. This methodology will be eventually consolidated thanks to real operational data on next LFR power plants. 
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1. Introduction 
Along with the development of utility-size solar power plants in the past few years, related performance 
acceptance testing standards are building up progressively. On one hand, the American Society for Testing and 
Materials (ASTM) has codified a Standard Test Method E2848 for photovoltaic (PV) power plants [1,2]; on the 
other hand, procedures for testing fluid heating solar collectors are defined by ISO 9806-2013 for solar thermal 
systems [3]. In  the frame of SolarPaces Task I  regarding  Concentrating  Solar Power  (CSP)  plants,  the testing 
 
 
* Corresponding author. Tel.: +33 380 380 102; Fax: +33 380 380 001 
E-mail address: david.itskhokine@solareuromed.com 
© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer review by the scientific conference committee of SolarPACES 2014 under responsibility of PSE AG
1480   F. Yang et al. /  Energy Procedia  69 ( 2015 )  1479 – 1487 
Nomenclature 
ܣ௔௣ single collector active aperture area 
݄௕ௗ enthalpy of blowdown water 
݄௙௪ enthalpy of feedwater 
݄௦௧ enthalpy of live steam 
ܫܣܯ௧ transversal incidence angle modifier 
ܫܣܯ௟ longitudinal incidence angle modifier 
ሶ݉ ௕ௗ blowdown water mass flow, averaged over the acceptance test period 
ሶ݉ ௖௢௟ collector mass flow 
ሶ݉ ௦௧  live steam mass flow  
݌௛௧௙ Heat Transfer Fluid pressure 
ሶܳ ௔௕௦̴௔௕௦ absorber absorbed power 
ሶܳ ௔௕௦̴௥௘௖ receiver absorbed power  
ሶܳ ௟௢௦௦̴௥௘௖ receiver heat loss 
ሶܳ ௡ useful heat output, the total heat supplied by the solar boiler 
ሶܳ ௡̴௖௢௟ single collector power output 
ݐ contractual tolerance 
௔ܶ௠௕ ambient temperature 
௛ܶ௧௙ Heat Transfer Fluid temperature 
ݑ଴ǡ ݑଵ collector heat loss factors 
ሶܹ ௣ circulation pump power transferred to fluid 
ݔ௛௧௙ Heat Transfer Fluid steam quality 
௖ܻ௢௥ corrected annual yield 
௜ܻ௡௧ initial annual yield 
ߠ୸ǡ ߛ solar zenith angle, solar azimuth angle 
σ ሶܳ௟௢௦௦ heat losses from piping and steam drum 
οݑ௒ annual yield uncertainty 
ߟ overall (solar-to-thermal) Linear Fresnel Collector efficiency 
ߟ௢௣௧ collector optical efficiency 
ߟ௢௣௧ǡ଴ collector optical efficiency at normal incidence 
guidelines provided by National Renewable Energy Laboratory (NREL) [4,5] concerning only parabolic trough and 
power tower solar systems are widely applied, since the Performance Test Code referenced as PTC 52 is still under 
revision by a committee formed through the American Society of Mechanical Engineers (ASME).  
 LFR solar systems coupled with DSG is a relative immature but promising solution for lowering the cost of 
electricity generated by CSP plants. Nevertheless, the absence of standards related to performance acceptance 
testing of such solar steam boilers is making their implementation in full-scale power plants less replicable, when 
bringing both EPC contractors and equity/debt providers into new projects [6]. 
With contribution from Fraunhofer ISE and PROMES-CNRS, Solar Euromed is willing to establish standard 
testing practices for LFR power plants. Apart from the mentioned ISO and American standards, the work is also 
inspired by EN 12952-15:2003, which is intended as the basis for the acceptance testing of direct-fired steam and 
hot water generators [7]. The particularities of the LFR technology is taken into consideration, such as the two-
dimensional Incidence Angle Modifier (IAM) which requires adapted methods and experiment planning in order to 
evaluate the optical performance. 
The proposed methodology is composed of four main topics: 
 testing principle, which represents general required testing elements and steps; 
 performance model, describing the adapted parameter identification technique for LFR system efficiency 
determination;  
 measurement, as a guidance on measured parameters and relevant equipment; 
 performance evaluation, which gives an overview of uncertainty analysis and final performance validation. 
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2. Methodology 
2.1. Testing principle 
The acceptance test aims to validate the guaranteed performance metrics, by comparison between contractual 
values and the corrected results deduced from parameter identification technique. Its accomplishment requires 
actions as below: 
The first step is to correctly define the test boundary. Using water/vapor as a heat-transfer fluid (HTF), no heat 
exchanger is needed, when compared to oil-based Parabolic Trough Collector (PTC) systems. The boundaries are 
defined as: the feedwater pump outlet; the liquid blowdown and dry live steam outlet of the steam drum (see Fig. 1). 
In this case, the fluid in all measuring points appears to be monophasic, which allows for precise enthalpy 
determination.  
The following step consists in clarifying the input parameters and their reference values in the contract. This role 
is played by a Typical Meteorological Year (TMY) supplying a set of selected weather data such as Direct Normal 
Irradiance (DNI) and ambient temperature for the site location. 
Next step is related to the test and data selection criteria. Two types of acceptance tests are identified by NREL: 
the short-duration steady-state thermal power test dedicated to the measurement of the rated solar thermal design 
capacity, and the multi-day continuous energy test devoted to the comparison of the measured energy output to the 
values predicted by the performance model. The repetitions and duration of tests are both contractually defined and 
adapted to the project schedule. It is recommended that each short-duration test last fifteen to thirty minutes in order 
to limit the effect of solar variability; besides, the multi-day tests should be held continuously during ten to thirty 
days; for both tests, data acquisition is done over ten-second intervals [4,5]. 
 The useful heat output ሶܳ ௡, which is defined as the total heat supplied by the solar boiler, can then be calculated 
from measurements through the energy balance: 
 ሶܳ ௡ ൌ ሶ݉ ௦௧൫݄௦௧ െ ݄௙௪൯ ൅ ሶ݉ ௕ௗ൫݄௕ௗ െ ݄௙௪൯ ൌ෍ ሶܳ௡̴௖௢௟ ൅ ሶܹ௣ െ෍ ሶܳ௟௢௦௦ (1)  
 
Fig. 1. Simplified Test Boundary Diagram for a LFR power plant. 
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where ሶ݉ ௦௧ and hst are respectively the mass flow and the enthalpy of live steam, hfw is the enthalpy of feedwater,  is 
the overall (solar-to-thermal) Linear Fresnel Collector (LFC) efficiency, σ ሶܳ௡̴௖௢௟ is the sum of power output of each 
collector, ሶܹ௣ is the circulation pump power transferred to the fluid, σ ሶܳ௟௢௦௦ is the heat losses from piping and steam 
drum. Conventionally, no blowdown should take place during the test. If it cannot be avoided, the blowdown water 
mass flow averaged over the test period ሶ݉ ௕ௗ and its enthalpy hbd are also taken into account [7]. 
Once the measurements are done, the solar boiler performance metrics can be determined within an uncertainty 
interval. The solar boiler’s performance validation can then be proceeded. Additionally or as an alternative, the 
expected yearly production (based on the contractual TMY file) calculated using respectively the contractual 
performance model agreed upon by both parties and the corrected performance model resulting from measurements, 
can be compared, with the consideration of associated uncertainties and contractual tolerances. More explanations 
are given in section 2.4. 
2.2. Performance model 
The solar boiler performance model consists of several integrated subsystems as the collectors, steam drum, 
circulation pump and piping, each one being characterized using general correlations. For example, the steam drum 
and piping heat losses can be expressed as a function of their geometries, fluid mass flow rate, 
upstream/downstream fluid properties. The particular and essential case of the solar collector model will be 
discussed below, by showing the implementation of parameter identification technique.  
2.2.1. Parameter identification technique 
 
The method of dynamic parameter identification is validated by experiments for single collector performance 
evaluation. Fig. 2 shows a sketch of the procedure for this method.  
Measured data are compared with simulated data by means of an optimization algorithm. Simulated data are 
calculated in dependence of corresponding optical and thermal performance parameters by means of a collector 
performance model: in our case we use the ISE in-house simulation software ColSim. Based on the deviation of the 
measured to the simulated data, the optimization algorithm adapts the performance parameters in an iterative 
procedure until the mean square root deviation reaches a minimum and thus the data coincide best. The performance 
parameters leading to this minimum of deviation represent the final performance parameters of the collector derived 
from the given set of measurement data.  
The advantage of a performance evaluation with the parameter identification method is the flexibility in the 
measurements data. Whereas certain measurands have to be kept constant when applying the current testing standard 
ISO 9806, this is not necessary for the dynamic evaluation via the parameter identification technique, because the 
dynamic collector behavior is simulated and accounted for by the dynamic collector model.  
 
Fig. 2. Sketch of the parameter identification method (adapted from [8]) 
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For pressurized water or other liquid heat transfer fluids the figure of merit used in the minimization of deviation 
can be the directly measured outlet temperature of the collector. For steam generation, and considering a single 
collector, since the temperature only is not characteristic for the heat gain of a two-phase fluid, the minimization can 
be conducted with respect to the single collector power output ሶܳ ௡̴௖௢௟, given by 
 ሶܳ ௡̴௖௢௟ ൌ ߟ ή ܦܰܫ ή ܣ௔௣ ൌ ሶ݉ ௖௢௟ ή ݄݀ ൌ ݂ሺ ሶ݉ ௖௢௟ǡ ௛ܶ௧௙ǡ ݔ௛௧௙ǡ ݌௛௧௙ሻǡ (2)  
Where ܣ௔௣ is the single collector active aperture area, ሶ݉ ௖௢௟ is the mass flow of the collector, dh is the enthalpy 
difference between upstream and downstream of the collector, Thtf, xhtf and phtf are respectively the temperature, 
steam quality and pressure of the HTF. Due to vaporization the heat gain is divided into latent and sensible heat, 
therefore only measuring the temperature increase is not a correct approach to determine in case of steam 
generation. 
ሶܳ ௡̴௖௢௟ can be written as the amount of absorbed solar energy ሶܳ ௔௕௦̴௥௘௖ minus heat losses ሶܳ ௟௢௦௦̴௥௘௖ of the receiver: 
 ሶܳ ௡̴௖௢௟ ൌ ሶܳ௔௕௦̴௥௘௖ െ ሶܳ ௟௢௦௦̴௥௘௖ (3)  
Hence, the performance parameters to be identified can be split up into thermal and optical performance 
parameters. Their characteristics are described in the following. A similar approach can be used for determining 
performance parameters of the full solar boiler, including performance models of the piping, recirculation pump and 
steam drum. 
2.2.2. Heat loss and heat loss coefficients 
 
In the case of receivers of LFC, the heat loss of the receiver is not necessarily identical with the heat exchange of 
the receiver with ambient, because in the receiver components other than the absorber, some solar radiation is 
absorbed as well, influencing the heat exchange of the receiver with ambient [9]. Therefore, the heat loss must be 
understood as the reduction of useful heat generated by the absorber.  
The heat loss of a concentrating solar collector can be parameterized according to ISO 9806 by the following 
equation: 
 ሶܳ ௟௢௦௦̴௥௘௖ ൌ ݑ଴൫ ௛ܶ௧௙ െ ௔ܶ௠௕൯ ൅ ݑଵ൫ ௛ܶ௧௙ െ ௔ܶ௠௕൯
ଶ
 (4)  
Nonetheless it must be pointed out that the dependency of the heat loss versus fluid temperature is strongly 
affected by the range of examined working temperatures. If the collector is operated in a smaller temperature range, 
a purely linear dependency may describe the correlation better. For wide ranges with high fluid temperatures a 
dependency on temperatures to the power of four may also have to be considered due to increased radiative effects. 
For more precision, it might also be necessary to take into account additional effects like wind velocity, which 
causes forced convection. 
2.2.3. Optical efficiency with IAM coefficients 
 
The optical efficiency opt of a solar concentrating collector is defined as the fraction of DNI on the active 




 (5)  
 
The optical efficiency can also be described using the product of the optical efficiency at normal incidence opt,0  
and the incidence angle modifier IAM which describes the relative changes of efficiency with incidence angle: 
 ߟ௢௣௧ ൌ ߟ௢௣௧ǡ଴ ή ܫܣܯ (6)  
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The IAM is defined as the ratio of the optical efficiency at a certain sun position to the optical efficiency at 
normal incidence. 
 ܫܣܯሺߠ୸ǡ ߛሻ ׷ൌ
ߟ௢௣௧ሺߠ୸ǡ ߛሻ
ߟ௢௣௧ǡ଴
 (7)  
In contrast to PTC, for LFC the IAM is two dimensional and cannot be described by one unique polynomial in 
dependence of one incidence angle. Instead, it may be factorized according to the following equation:  
 ܫܣܯሺߠ୸ǡ ߛሻ ൌ ܫܣܯ௧ሺߠ௧ሻ ή ܫܣܯ௟ሺߠ௜ሻǡ (8)  
where IAMt(t) is the incidence angle modifier with respect to the transversal plane and IAMl(i) the incidence angle 
modifier with respect to the longitudinal plane (for definition of angles, see Fig. 3). This factorization represents a 
very good approximation for arbitrary incidence angles for most LFCs. In turn, it leads to the necessity of 
determining the IAM curves for every possible incidence angle along the main axes.  
Both optical efficiency and the factorized IAM values are highly correlated. To be able to determine the IAM 
reliably without inter-correlation between different parameters, a very good data base for a wide range of incidence 
angles is required. To concretize this requirement, a study has been performed to analyze during which time of year 
which incidence angles occur, how the collector performance is influenced for these angles and how the IAM may 
be derived with lowest uncertainty. To be able to directly determine one IAM value (e.g. IAMt(t)) with minimal 
uncertainty, the value of the corresponding IAM value (in this case IAMl(i)) has to equal to one and vice versa. This 
is the case when the corresponding angle is zero. In addition, the corresponding DNI should allow to derive good 
performance data in the measurement. Fig. 4 depicts the result of this analysis for Alba Nova 1 (AN1) project 
considering local weather conditions. The dots indicate at which angles and time of the year such a direct 
assessment of the IAM is possible. The size of the dots represents the available solar radiation for this specific angle 
situation. The graph shows, that for this north-south collector orientation, the best period for the IAM determination 
is during spring and autumn, as the range of possible angles is wide and the available solar radiation high. 
Currently several studies are ongoing concerning the minimum number of measurement days and maximum 
angle step size for the IAM to be able to determine the thermal and optical parameters in a reliable and uncorrelated 
way with minimized uncertainty that allows for an accurate prediction of the annual yield. Results will be presented 
in subsequent publications.  
 
Fig. 3. Schematic representation of a LFC oriented north-south. 
 F. Yang et al. /  Energy Procedia  69 ( 2015 )  1479 – 1487 1485
2.3. Measurements 
2.3.1. Measured parameters and associated maximum uncertainty 
 
To test the performance of a solar collector, external and operating parameters have to be measured. For each 
measurement a maximum standard uncertainty is specified in Table 1, in order to reach an uncertainty lower than 
5% (k=2) on the collector efficiency. 
2.3.2. Suggestion for equipment 
Different classes of pyrheliometers and pyranometers are defined in ISO 9060:1990 depending on their accuracy 
to measure the solar resource [10]. Preferably, instruments used for CSP testing should be First Class 
pyrheliometersand Secondary Standard pyranometers. Calibration of the irradiance sensors is necessary for accurate 
measurements.  In order to aim at the sun, the pyrheliometer must use a tracking system with accuracy better than 
0.7°. Nowadays, the best accuracy can be reached using a solar tracker equipped with a solar sensor (0.05° - 0.1°). 
The expected uncertainty of DNI measurements including pyrheliometer, tracking system and data logger is within 
1% and 2% (1ߪ). The expected precision of DHI measurements is around 2% (1ߪ). Nonetheless, sensor soiling and 
misalignment of the instruments and/or the solar tracker have to be carefully avoided in order to keep the uncertainty 
low [11].  
 
Fig. 4. Graphical representation of an exemplary analysis of possible determination of IAM values in dependence of AN1 project location 
(Pinia) and collector orientation (north-south). Blue dots show the angles, for which the corresponding angle equals zero, hence the IAM 
value can be determined directly. Green dots represent the angles, which can indirectly be identified with already determined 
corresponding angles in other time periods. Orange dots represent a possible direct determination of the optical efficiency under normal 
incidence, as for these cases both transversal and longitudinal IAM could directly be determined in other time periods (intersection 
between green and blue dots). 
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The annual mean solar disk half-angle is 0.26° but the typical field of view of a pyrheliometer is 2.5°, which is 10 
times higher in order to make up for tracking errors. The circumsolar is the region near the solar disk. Although the 
irradiance coming from this region is lower than from the solar disk, it contributes to the DNI measurement. 
Depending on the acceptance angle of the solar receiver, circumsolar radiation might cause to underestimate the 
solar collector efficiency. Circumsolar radiation measurement is still subject to research activities, nevertheless new 
types of sensors are commercially available and their integration in performance acceptance tests should be 
considered [12].  
Ambient temperature is an important parameter for the receiver efficiency determination. The thermometer has to 
be protected from radiation and precipitation while allowing the free circulation of air around it. It has to be placed 
at height between 1.2 and 2 m above ground level. The measurement uncertainty is expected to be not higher than 
0.5°C. Wind speed and direction are measured with an anemometer and a wind vane. The wind vane has to be 
carefully positioned. A lower uncertainty can be reached with an ultrasonic sensor, through a 3D measurement, but 
this accuracy level is generally not necessary. Wind speed and direction instrumentation have to be placed higher 
than 2 m above the ground level in order to avoid disturbance [13]. 
Inlet and outlet heat transfer fluid pressures and temperatures have to be measured with a certain level of 
accuracy. Class-A PT100 temperature sensors reach a maximum error of 0.75°C at 300°C, representing a standard 
uncertainty of 0.43°C, which is generally suitable for relatively high temperature applications. To avoid pressure and 
temperature measurements on a two-phase water/steam fluid, the instrumentation has to be set on the steam drum 
outlet, representing in this case the boundary of the solar boiler. 
Flowrate measurement is performed between the pump and the cold inlet. Measuring flowrate can be realized 
using a large choice of sensors, each based on different physical principles and properties. While large scale solar 
systems commonly use ultrasonic or vortex flowmeters, smaller units may use coriolis flowmeters which reach a 
0.5% uncertainty. All flowmeters, excepted coriolis flowmeter, need a fully developed flow profile at the location of 
the sensor, which requires a sufficient straight distance before and after the sensor. Final selection of the sensor 
depends on technical and economic aspects regarding the fact that flowrate maximum uncertainty has to be lower 
than 1%.  
Mirror reflectivity plays an important role in CSP application and has to be considered with attention. Yet, 
original mirror reflectivity and changes due to ageing and soiling are different problems. Original reflectivity is 
measured by a spectrophotometer in laboratory with a low uncertainty. Field measurements can be performed with a 
portable device: for instance, NREL test guidelines describe the use of a D&S portable specular reflectometer model 
15R-USB [4,5]. Manufacturer uncertainty appears to be less than 1% in case of a proper usage, but misuse during 
measurements is the main error factor. 
Table 1. List of physical values measured in order to determine the efficiency of a solar collector 
Physical value measured Equipment model Unit Maximum Standard Uncertainty 
Direct normal irradiance (DNI) Pyrheliometer W/m² 1~2% 
Diffuse horizontal irradiance (DHI) Pyranometer W/m² 2% 
Circumsolar radiation (CSR) Circumsolar Radiation Sensor % 1.5 
Inlet temperature Thermal sensor °C 0.5 
Outlet temperature Thermal sensor °C 0.5 
Inlet pressure Manometer bar 1% 
Outlet pressure Manometer bar 1% 
Flowrate Flowmeter kg/s 1% 
Ambient temperature Thermal sensor °C 0.5 
Wind speed and direction Anemometer/wind vane m/s 1% 
Mirrors reflectivity Solar Reflectometer % 0.5 
Active aperture area - % 0.1 
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2.4. Performance evaluation  
2.4.1. Uncertainty analysis 
The uncertainties of each performance coefficients are composed with two main categories: random errors caused 
mainly by the variations of external conditions such as DNI and ambient temperature; systematic errors linked 
principally to the instruments of measurement for its parallax error, zero setting, method error and aging of 
component. An uncertainty u is calculated with a root sum square technique combining these two elements by 
means of GUM [14]. 
In the case of a solar boiler, the respective uncertainty of each input parameter is propagated to the annual yield 
οݑ௒ evaluation, of which the ones of mass flow and DNI are dominant terms. With the proposed values indicated in 
Table 1, an uncertainty lower than 5% (k=2) related to the overall solar collector efficiency is estimated. 
2.4.2. Final performance validation 
A comparison of two annual yields Yint and Ycor, which are calculated respectively by the initial performance 
model and the corrected performance model, shall be made. If appropriate, a typical contractual tolerance t limited at 
5% is also considered for the following pass criteria: 
 ሺ ௖ܻ௢௥ ൅ οݑ௒ሻ ൐ ሺͳ െ ݐሻ כ ௜ܻ௡௧ (9)  
3. Comments and further observation  
A methodology for performance acceptance testing of solar boilers using LFR with DSG is outlined. Both 
laboratory and industrial approaches are involved. 
The limited acceptance test period doesn’t allow the full performance characterization such as the assessment of 
all IAM. A final acceptance can usually be obtained by a continuous data collection of 6 to 12 months operation. 
At this stage, the presented procedure has yet to be proven: the proposed methodology will be further detailed 
and applied to Solar Euromed next power plants, including WECSP in Jordan and Alba Nova 1 in Corsica Island. 
These experiences will help improve and validate the so-far theoretical aspects of performance acceptance.  
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